The exact determination of the combination of proteins with the ions of electrolytes has been limited practically to those cases in which concentration cells can be used. Bugarszky and Liebermann 1 found by this method that the hydrogen ion is very largely combined and chloride to a much less extent. These measurements have been repeated and confirmed by a number of workers, and extended by Pauli and Matula ~ to Ag +, which was found to be also quite largely combined. Pauli and Samec s also found that the solubility of slightly soluble salts was increased by proteins, and tMs furnishes an additional method for determining the amount of combined ions. Both methods, however, are limited to a very small number of ions and only in rare cases, such as HC1 or ZnC12, is it possible to determine the combination of both ions. It was pointed out in the preceding paper ~ that the Donnan equilibrium furnishes a general method which can be used for any ion, provided the distribution of one ion and the analytical composition of the solutions be known. It was shown that using gelatin particles and determining the theoretical ion ratio from C1-electrode potentials, the concentration of Zn ions combined with the gelatin could be calculated, and agreed quite well with the values determined directly by concentration cell measurements. This method is also limited since it can only be used with gelatin and under certain conditions, since in alkaline solutions the chloride electrodes t
cannot be used. It is evident from Donnan's theory that the desired potential is also given by the membrane potential, so that if this be accurately measured the ratios of the activities of all the ions inside and outside of the membrane can be calculated. Loeb 5 showed, by comparing the membrane potential with the hydrogen and chloride electrode potential, that the theory was completely borne out by experiment. If, therefore, a protein solution in a membrane be allowed to come to equilibrium with an electrolyte solution, and the membrane potential and ion concentrations determined, the effect of the protein on the activity of the various ions can be calculated. This furnishes a general method which can be used for any ion.
Theoretically the procedure is very simple, but experimentally there are a number of difficulties and several important sources of error. It is essential that the system be at equilibrium and also that no diffusion potentials enter at the various liquid junctions. It is impractical to measure the potential while the system is in osmotic equilibrium and it is necessary to show that the potential is not affected by removing the pressure. Agreement between electrode and membrane potential may be used as a test for all these errors, since the P. 9. will agree only when these errors are eliminated. It was found possible, after considerable difficulty, to regulate conditions so that the membrane potential agreed closely with the electrode potentials, and the combined ions calculated from this membrane potential agreed with the results obtained from concentration cells.
Experimental Procedure.
The experiments were carried out with 10 per cent gelatin solution, at 37°C., using collodion membranes.
Preparation of the Membranes.--In order to avoid stretching of the membrane and the passage of small amounts of protein through it, it was found necessary to standardize conditions during the preparation. The following procedure was found to produce membranes which stretch very slightly if at all during the experiment and which were practically impermeable to gelatin at 37°C. They were used only once, since after the experiment they become very impermeable even to electrolytes.
7.5 cc. of Merck's v.s.P, collodion (4 per cent dry weight) were placed in a 175
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× 20 ram. test-tube and the tube rotated mechanically in a nearly horizontal position at about 10 rotations per minute for 5 minutes, care being taken to prevent the collodion from running out over the lip of the tube. Air, under 1 cm. Hg pressure, was then blown from two 1,5 ram. tubes inserted so as to reach, one about half way, and the second nearly to the bottom of the test-tube. This was continued while the tube rotated for about 6 minutes longer depending on atmospheric conditions. It was then put in water and the membrane removed. The
H~rcut,yFie. 1. Apparatus for testing membranes.
membrane was then attached to a rubber stopper by means of rubber bands, and filled with water. 20 cm. Hg pressure was then applied, and the membrane carefully examined for leaks. This pressure causes considerable stretching, so that no further stretching occurs during the experiment. At the same time the rate of flow of the water through the membrane was measured. This serves as a measure of the permeability, and the time of drying was so regulated as to keep this constant. The apparatus shown in Fig. 1 was found very convenient for this purpose.
Preparation of the Gelalin.--Powdered gelatin was washed in dilute alkali, then in dilute acetic acid, and finally at pH 4.7 with ice water, until the gelatin reached a specific conductivity of less than 5 × 10 -a reciprocal ohms. The resulting swollen particles were then melted. Such preparations usually contained about 17 gm. dry weight of gelatin per 100 cc.
Assembling the Apparatus.--Since the final calculation requires an accurate figure for the concentration of electrolyte, both in the gelatin and in the surrounding liquid, it is necessary to know the water content of the solution with considerable accuracy. This can best be done by weight. The concentrations, therefore, in this paper are all expressed as molal; i.e., the number of tools of solute per 1,000
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F~c. 2. Osmometer with stirring device.
gin. of water.~ This obviates also the uncertain correction for the volume occupied by the ge',atin which occurs when volume concentrations are used. It was found necessary, in order to shorten the time required for equilibrium, to stir both inside and outside solutions. This was done by placing a large glass ball in the membrane and rocking the entire system, as shown in Fig. 2 . The time is further shortened by starting the experiment with equal molalities of electrolyte inside and outside. Control experiments showed that the same value was reached if all the electrolyte was placed outside at first, but that a slightly longer time was required under such conditions. A gelatin solution is therefore prepared so as to contain I0 gm. of gelatin per 90 gm. of water, and the desired amount of electrolyte. The membrane with its attached manometer and stopper (rig. 2) is then weighed, filled with the gelatin solution, and again weighed. This gives the total weight of the inside solution and therefore the weight of gelatin. Similarly about 60 cc. of the same molal concentration of electrolyte is measured into a 100 cc. test-tube, and the membrane inserted and held in place by a rubber stopper. The tube is clamped to a rocker arm in the water bath, as shown in rig. 2, and rocked for 48 hours. At the end of this time, the osmotic pressure is measured with a cathetometer, the manometer tube removed from the membrane, and a curved tube put in its place. The outside solution is then poured into a tube with a side arm as shown in Fig. 3 , and the membrane inserted in this tube. This tube is shorter than the original outside tube, so that the membrane is pressed against the bottom and sufficient of the inside liquid forced out to fill the bent tube. The arrangement is shown in rig. 3.
The liquid in the two cups is now connected to two saturated KCI calomel electrodes by means of the bent tubes shown in the figure. In order to obtain constant and reproducible potential measurements it was found necessary to use considerable care in the establishment of the saturated KC1 solution-liquid junction. The bent tubes must be quite wide (8 mm.) and are filled with saturated KC1 before inserting in the Y.quid. They are then washed, and the KC1 is removed from about half the depth with a pipette. Liquid from the appropriate solution is then added from a dropper till the tubes are again full, and they are then inserted into the corresponding solution. The junction is then stirred. In this way a wide liquid junction is formed without any sharp boundary, and the potential reading is very constant and reproducible. If narrow tubes are used or if a sharp KCI boundary is formed, the potential drifts and is sensitive to stirring at the boundaries. A type K Leeds and Northrup potentiometer was used for the measurements with a type 2420a galvanometer whose sensitivity had been greatly increased by focusing the image on a scale about 6 m. distant instead of the usual 15 cm. The E.
•.F. measured in this way was found to be constant and reproducible to about ±0.1 millivolt.
The Zn ++ and C1-concentration cell measurements and electrode potentials between the inside and outside solutions were made by means of the electrode vessels shown in Fig. 4 . The electrode vessels were filled with the appropriate solution and suspended in the water bath over the edge of a cup containing the same solution. Connection with the calomel electrodes was then made in the same way as for the membrane potentials. In using the Zn electrodes it is necessary in order to obtain constant readings to completely fill the electrode vessel and in the case of aqueous solution to slightly acidify the solution.
Owing to the danger of contamination from KC1 the analytical data were determined from a separate experiment in which the P.D. was not measured. For this purpose the membrane and its contents were removed and weighed (in order to determine the final concentration of gelatin), and a weighed sample of both inside and outside solution analyzed gravimetrically for C1. The gelatin solution, after the addition of AgNO3 and 1/3 of its volume of strong nitric acid, is boiled in order to effect complete precipitation. Since in these experiments only pure chlorides were used, the cation concentration can be calculated from the C1 determination. In the case of ZnC12 a small amount of HC1 was added to bring the solution to pH 4.7. The amount of C1 added in this way was corrected for in determining the Zn. From the various weights and the C1 analysis it is therefore possible to calculate the molality of both ions in the outside solution and in the gelatin.
Calculations of the Combined Ions from the Membrane Potential and the Analytical Results.
According to Donnan ~ the membrane potential at equilibrium is _R~ where ao is the activity of any diffusible ion ao equal to
In --, outside the membrane, and al is the activity of the same ion inside. Also, So = "roMo and a~ = 3,~M~, where -/ = the activity coefficient and M is the molality of the uncombined ion. A change in a may evidently be due, therefore, either to a change in the activity coefficient -~ or to a change in the molality, and at present there seems no way to distinguish with certainty between these alternatives. According to Lewis and Randall, 7 however, the value of the activity coefficient of any ion in a mixture of strong electrolytes depends only on the "ionic strength" of the solution. A change in the activity due to a change in the activity coefficient should therefore affect the activity of all ions. In the case of proteins, however, this is not true, the activity of some ions (as H +) being greatly affected by the addition of the protein, while others (as C1) are only slightly affected. It will be assumed, therefore, in this paper that any change in the activity of an ion on the addition of a protein is due to a change in the concentration of the ion and not to any effect on the activity coefficient. Or, in other words, it is assumed that the protein does not change the "ionic strength" of the solution. In all the experiments reported in this paper the total salt concentration on the two sides of the membrane is very nearly the same, so that ~/o may be considered equal to 3'~, and the formula may therefore be written
(This, however, is not the case with HC1, since here the total acid concentration inside may be much greater than that outside, and it is necessary to use different activity coefficients; cf. Cohn and Berggren.8)
The ion activity ratios may therefore be calculated directly from the membrane potentials. The actual concentration of the combined ions, however, cannot be calculated without the analytical data. If the ratio of the activities is known from the membrane potential as shown above, and also the total concentration of the ions on both sides of the membrane, then the concentration of combined ions, Mo, is given by the equation
where M~ is the total molal concentration of the ion inside and Mo is the total molal concentration of the ion outside the membrane.
9 In using this formula it avoids confusion as to the sign of the potential, if it is remembered that all ions which have the same sign as the calomel electrode in the gelatin (referred to the outside calomel electrode), will have a greater concentration outside the membrane; while all oppositely charged ions will be more concentrated inside the membrane. All electrode potentials will therefore show (between the electrodes) the opposite sign to that of the membrane potential. This calculation is essentially the same as the calculation of combined ion concentration from concentration cells.
Comparison of Electrode and Membrane Potentials and of the Concentration of Combined Ions from Concentration Cell and Membrane Potential Measurements.
The membrane potentials and the potentials obtained with the various electrodes between the inside and outside solutions are given in Table I . The agreement between these figures shows that the system was in equilibrium and confirms Loeb's results that such a system conforms to Donnan's theory with considerable accuracy. A comparison of the combined ions from these measurements is shown in Table II . The agreement is again within a few per cent, except in the case of chloride in high concentration. In this case the figure from the membrane potential depends on a very small difference between two large numbers, so that an error of 1 per cent in analysis may amount to 50 per cent in the figure for combined chloride. All the ions show some combination although in the case of lithium the amount is close to the limit of accuracy of the measurement. It may also be noted that in no case are the amounts of anion and cation combined equivalent. With ZnCl~, for instance, less than 1 mol C1 is combined per mol of Zn. It is not possible to draw any quantitative conclusion from a comparison of the different ion values since, except in the case of H, they are undoubtedly not maximum values but would increase with increasing concentration of the electrolyte. , J. Gen. Physiol., 1921-22, iv, 739. SUMMARY.
A method is described for measuring membrane potentials of gelatinsalt solutions, and it is pointed out that such measurements, together , with the analysis of the solutions, allow the calculation of the concentration of ions combined with the protein.
The values for the combined ions obtained in this way for ZnC12, KC1, LiC11 and HC1 agree quite well with those obtained by direct concentration cell measurements.
